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DESCRIPTION AND INITIAT, CALIBRATION
OF THE LANGLEY HOTSHOT TUNNEL WITH SOME
REAT,-GAS CHARTS FOR NITROGEN

By Fred M. Smith, Edwin F. Harrison,
and Pierce L. Lawing

SUMMARY

Development and initial calibration tests of the Langley hotshot tunnel
have been completed and results are presented. An arc-chamber temperature and
pressure of approximately 3000° K and 10,000 pounds per square inch produced a
free-stream Mach number of approximately 20 in the test section. Comparisons of
various configurations and materials for the arc-chamber components are presented
along with contamination measurements. Flow contamination was significantly
reduced by modification of the arc-chamber configuration. Some real-gas correc-
tion factors which consider intermolecular forces and vibrational equilibrium
effects for nitrogen flow in hypersonic nozzles are also presented.

INTRODUCTI.ON

The Langley hotshot tunnel was constructed primarily to obtain force meas-
urements, pressure distributions, and heat-transfer data for hypersonic configu-
rations and to conduct simple flow studies over them. The tunnel was installed
and shakedown tests were begun late in 1960. A number of problem areas were
encountered in this initial operation; principally among them were materials for
arc-chamber components (electrodes, insulators, liners, etc.), arcing at mechani-
cal connections of the external conductors, flow contamination, and sensing
instrumentation.

This report primarily presents a description of the tunnel with initial
calibration and describes test and development experience with the first arc
chamber, which employed opposed electrodes. The calibration indicated an approxi-
mate Mach number of 20 for arc-chamber temperatures and pressures of approximately
3000° K and 10,000 pounds per square inch with nitrogen as the flow medium. A new
arc chamber utilizing end-firing coaxial electrodes has recently been installed
in the Langley hotshot tunnel. A description of this chamber is presented in
appendix A along with a discussion of initial test experience which demonstrated
a significant decrease in contamination level. Also included in the report



(appendix B) are real-gas correction factors for nitrogen flow in hypersonic
nozzles for the temperature and pressure range of this operation.
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SYMBOLS

ratio of effective nozzle-to-throat area (mass flow
considerations)

ratio of geometric nozzle-to-throat area

rate of change of arc current with time

enthalpy
arc current
Mach number

consecutive number of shots for a given material or component

Reynolds number per foot

pressure
dynamic pressure

gas constant; equal to 3.661 X lO'3 when pressure is measured in
atmospheres, density in amagat units, and temperature in °K

entropy
elapsed tunnel run time
temperature

reference temperature, 273° K

stream velocity
transverse location of pitot probe from tunnel center line

angle of attack of model

density, amagat units (a relative scale referred to density at
0° C and 1 atmosphere of pressure; for nitrogen,

1 amagat = 0.00242 1b-sec2/ft4)

energy transfer efficiency




Subscripts:

c arc-chanber conditions before arc discharge
max maximum

1 free-stream conditions

2 static conditions behind normal shock

i ideal conditions

ref reference value

t,1 arc-chamber conditions following discharge
t,2 stagnation conditions behind normal shock

An asterisk on a symbol denotes throat conditions.

DESCRIPTION AND OPERATION OF TUNNEL

A schematic diagram and a photograph of the Langley hotshot tunnel are shown
in figure 1. The major components of the tunnel include a two-million-joule
capacitor bank with a charging unit, an arc chamber, a 10° total-angle conical
nozzle having diameters of 0.100 inch at the throat and 24 inches at the test

section, a 200-cubic-foot vacuum tank, vacuum pumps, operation controls, and data-

recording instrumentation.

Tunnel Operation

The operation of the Langley tunnel is similar to other hotshot facilities
(refs. 1 and 2) in that a quantity of stored electrical energy is discharged
across a pair of electrodes inside the arc chamber. (See fig. 2(a).) The arc
gap is broken down by the exploding of a steel wire between the electrodes. The
arc heats and further pressurizes the charge of test gas (nitrogen) contained
within the arc chamber and results in the rupture of the diaphragm. The gas
then expands through the nozzle into the vacuum chamber (both of which have been
evacuated to approximately 5 microns of mercury). The run is terminated approxi-
mately 30 to 50 milliseconds later with breskdown of the flow in the test sec-
tion at which time the dump valve releases the residual gas from the arc chamber.
To avoid arc breakdown during the charging cycle, the electrode insulation is
checked before each shot with a high-voltage, low-current source across the
electrodes. After the check of the electrode insulation, and the evacuating of
the nozzle, test section, and vacuum tank, the tunnel is then fired by the actu-
ation of a li-channel electronic programer. This programer provides millisecond
control of tunnel firing, dump valve actuation, camera and recorder operation,
and other instrumentation operation.
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Arc Chamber

The opposed-electrode arc chamber which is shown in figure 2(a) was con-
structed of two concentric steel cylinders having an outside diameter of about

10 inches with a wall thickness of approximately 5% inches. The internal volume

as shown is about 100 cubic inches but may be varied by using liners with dif-
ferent wall thickness. The opening to the nozzle was sealed by a poly [?thylene
terephthalate] diaphragm. The other end of the chamber was sealed by a piston in
the dump valve system. A second arc chamber with coaxial electrodes is described

in appendix A.

External Electrical Connections

Because of the large current involved (approximately 1 X 106 amperes),
numerous problems were encountered with arcing at mechanical connections of the
arc-chamber external electrical conductors. (See fig. 2(b).) This arcing
resulted in less energy transfer to the gas and in ultimate destruction of the
conducting components. To avoid using threads as conductors and to obtain suffi-
cient pressure between adjacent components, the configuration shown in figure 2(c)
was developed. This configuration using the tapered surface connections was
gquite successful in eliminating the arcing.

Electrodes

The arc-chamber electrode configurations, for most tests, consisted of two
main opposed electrodes and a trigger electrode perpendicular to the main elec-
trodes. (See fig. 3(a).) A 0.026-inch-diameter steel trigger wire comnnected the
trigger electrode to the ground electrode. The opposed electrodes functioned
satisfactorily during the arc discharge except the arc column apparently impinged
on the liner in the area of the ground electrode. Since the arc did not remain
entirely between the electrodes and the insulators produced contamination in the
test gas, a single electrode configuration shown in figure 3(b) was investigated.
The single electrode arrangement was unsatisfactory because the contamination was
not reduced.

Each main electrode, as shown in figure 4, consisted of an aluminum body, a
tungsten tip, and an insulator with and without a cap. (Fig. 4(a) shows the
electrode without a cap.) It was found during arc discharge that a cap over the
face of the electrode reduced electrode erosion. A boron nitride washer with a
steel band (as proposed in ref. 3) was incorporated as shown in figure 4(b). The
boron nitride cracked and in some cases broke into small pieces. Therefore,
after a few shots, it was discarded. Consequently, a cap made of a Teflon com-
pound (Fluorogreen) was used in subsequent tests. (See fig. 4(c).)
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Baffle Configurations

To prevent the solid contaminants from the arc chamber from entering the
nozzle, various baffle configurations were installed in the arc chamber near the
nozzle throat. Figure 5(a) shows a flat circular baffle plate which was sup-
ported by three screws and sleeves. During the arc discharge these support
screws failed mechanically and the plate became detached. A one-piece plate with
four right-angle orifices (fig. 5(b)) was next used. This baffle did not reduce
the amount of contamination in the nozzle. The contaminants, which were either
very small solid particles or small quantities of metallic vapor, apparently
flowed along with the test gas through the baffle plate orifices into the nozzle.
Based on the possibility that some of the particles could be removed by centrif-
ugal action, a centrifuge configuration as shown in figure 5(c) was designed and
constructed of various stainless steels. (A similar device was used successfully
by Jim Jones of the Langley Reentry Physics Branch in shock tunnel studies
(unpublished).) After tunnel firing it was apparent that some of the centrifuge
components had melted and added contaminants to the flow. This device con-
structed of more suitable materials might perform more satisfactorily.

Heat-transfer gages indicated that the test gas initially trapped in all the
baffle plates was not heated during the arc discharge and therefore the nozzle
flow was cold for the first few milliseconds of the run. Based on these experi-
mental results, no baffle configurations were used for subsequent tests.

Dump Valve

To alleviate excessive arc-chamber damage a dump valve was utilized to
release residual gases (up to 95 percent of charge gas) at a predetermined time.
The dump valve which consisted of a cylindrical body, a piston, a trigger, and
one pressurizing and two exhaust ports (fig. 2(a)) was mounted on an extension of
the upstream arc—chamber plug. A pneumatic piston held in place by a high pres-
sure charge of gas in the dump valve cylinder blocked an exhaust passage through
this plug. The pressure required in the dump valve cylinder to seal the exhaust
orifice was slightly more than one-seventh of the maximum arc-chamber pressure.
The residual gas in the arc chamber was released when a closely controlled
trigger mechanism punctured a steel diaphragm in the dump valve pressure chamber.

The first trigger design (fig. 6(a)) employed an electrically fired powder
charge to drive the plunger, but this system was found to be unreliable in giving
the desired time accuracy. A pneumatically driven plunger (fig. 6(b)) which pro-
vided acceptable time accuracy was then substituted for the powder charge. The
tunnel programer actuated a solenoid-operated air valve which supplied the
driving force for the plunger to rupture the diaphragm.

Energy Supply
The energy for the arc was derived from a bank of T20 capacitors charged to

a maximum voltage of 7500 volts. The capacitors each have an average capaci-
tance of 95.6 microfarads and were connected in units of 10 to coaxial cables.



The capacitors were individually fused to prevent total destruction in the event
of a failure. An oxygen-free copper collector sleeve and collar was provided to
simultaneously terminate the coaxial cables, keep the total resistance low, and
distribute the current to provide low electrical forces. (see fig. 3.)

To determine arc-discharge characteristics, a pickup coll measured dI/dt
on both positive and negative electrodes. The signal was photographed on an
oscilloscope. These photographed traces were transferred to the plots shown in
figure 7. (The two traces were obtained from different runs.) These dI/dt
traces which were integrated to show approximate current waveform indicate a
nearly critically damped arc discharge of approximately 500 microseconds. The
current waveform for the negative electrodes shows some irregularity. This is
thought to be current lost to the arc-chamber liner, and the cause of much of the
material losses from the liner. Difficulty in determining the precise location
of the zero axis with respect to the dI/dt trace and the errors due to trans-
posing of the oscilloscope trace make the current waveforms useful only for
qualitative examination.

Nozzle and Test Section

The tunnel has a removable throat insert (fig. 2(a)) and a 10° total-angle
conical nozzle (fig. 1) which expands to 24 inches in diameter at the test sec-
tion. The diameter of the throat may be varied to provide a range of test-section
Mach numbers. For all data presented herein a throat of approximately Ox.]100-inch
diameter was employed. These throats were constructed of tungsten, although a
few tests were made with copper and steel inserts, which were found to be unsat-
isfactory because of the change in throat geometry during the run.

The present tests utilized a 0.030-inch-thick poly [ethylene terephthalate]
diaphragm with a diameter of 0.250 inch to isclate the arc chamber from the noz-
zle. The nozzle section of the tunnel was constructed of nickel-plated boiler
plate to prevent rusting and to reduce outgassing during evacuation.

Vacuum System

The vacuum system consisted of a mechanical forepump and oil diffusion pumps
capable of pumping the 200-cubic-foot nozzle and vacuum tank down to approxi-
mately 1 micron of mercury in approximately 30 minutes. A 12-inch remotely oper-
ated pneumatic valve allowed the vacuum tank to be pumped until immediately prior
to firing of the tunnel to compensate for leaks and outgassing of the system.

INSTRUMENTATION

The characteristics of the tunnel imposed some rather stringent requirements
on the instrumentation used to measure flow parameters. The short running time
(30 to 50 milliseconds) required instrumentation with very short response times.
In addition, the quantities to be measured in the stream (pressures and forces)
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were very small; therefore, the instrumentation had to be sensitive enough to
measure these quantities but at the same time insensitive to the solid contami-
nants in the flow. Force, pressure, and heat-transfer instrumentation were
excited by 5-volt 20-kilocycle carrier amplifiers. The output signals from these
amplifiers drove galvanometers in an oscillograph. These oscillograph traces
were then reduced to a usable form.

Pressure Measuring Instrumentation

The charge pressure in the arc chamber was measured with a dial gage, and
upon arc discharge the chamber stagnation pressure was measured with a high-
frequency-response strain-gage transducer. Pitot pressures in the test section
were measured by using variable reluctance pressure transducers. A G-probe rake
with pressure transducers connected, as shown in figure 8, was employed to survey
the test-section flow. Fach rake probe was provided with a contamination trap to
prevent the solid contaminants in the flow from hitting and damaging the pressure
transducer diaphragm. Tests were made with and without contamination traps and
no appreciable changes in the measured pressures were observed.

Force Instrumentation and Models

Internal, high-frequency response (1000 cps), strain-gage balances were
constructed to obtain aerodynamic forces. The high-frequency response was
obtained with very stiff beams. To maintain low moments of inertia, the models
were constructed of a 0.020- to 0.030-inch outer shell of magnesium or fiber
glass, with enough internal material only for balance attachment. The complete
model usually weighed about 50 grams.

Heat-Transfer Instrumentation

Preliminary tests were made by using 9 variable reluctance heat-transfer
gages. (See ref. 1.) These gages performed satisfactorily for the particular
range of heat transfer encountered in these tests with an acceptable level of
electrical noise in the output signal. It was also noted that there was little
change between prerun and postrun calibrations. Additional tests are being
made in which thermocouple-calorimeter gages are being developed.

Velocity Measurement Instrumentation

Two measurements of stream velocity have been made which were 4 to 8 percent
lower than calculated results. These successful measurements were made by
observing with streak photography the propagation of the shock wave produced by
an arc discharge in the stream. A similar technique was successfully used in
references I, 5, and 6.

Other methods were previously used in the Langley hotshot tunnel with less
success. Several attempts were made to accelerate inserted objects to the flow



velocity but these were unsuccessful because the drag-mass ratio of the objects
was too low for them to reach flow velocity. Another technique that met with
less than complete success employed two sets of electrodes mounted in the tunnel.
A spark was discharged across the upstream set of electrodes. The ions produced
by this discharge moved downstream at flow velocity and discharged the second set
of electrodes which had previously been charged to a voltage slightly less than
the minimmm breakdown voltage for the gas density, gap width, and electrode con-
figuration. Unfortunately, sparks at this density were too nebulous and ill-
defined for accurate time resolution; photographs of the sparks were also poorly

defined.

Contamination Measurement

A rake (fig. 9(a)) was used to indicate a time-integrated contamination
level in the test section. The relative (not absolute) measurements were per-
formed by weighing the saluminum collecting disks before and after each tunnel
shot. The weight differences were used to determine contamination profiles
across the test core.

To determine a time resolution for the contamination flow, a small,
300-revolution-per-minute, synchronous motor was connected to drive a slotted
disk in front of a piece of polished metal or plastic. (See fig. 9(b).) The
time of rotation was such that a tumnel run and flow breakdown would be completed
within 1 revolution.

Photographic Apparatus

A single-pass, Z-arrangement schlieren system with a continuous light source
and a high-speed framing camera was used to observe the flow over bodies in the
stream. Figure 10(a) shows a schlieren photograph of a hemisphere-cylinder model
for a Mach number of approximately 20. A plate camera with the shutter open for
the entire run was used to obtain the self-luminous photograph of the same model

shown in figure 10(b).

Data-Recording Instrumentation

Most of the data have been recorded on oscillographs at speeds from 60 to
125 inches per second. An actual oscillograph record is shown in figure 11. A
direct readout recorder was used in conjunction with the other oscillographs for
monitoring purposes. The recording system is also adapted for incorporation of
FM tape recorders.



TESTS, DATA REDUCTION, AND ACCURACY

Test Conditions

Figures 12 and 13 show the approximate potential and realized capabilities
of the Langley tunnel with nitrogen flow. The theoretical properties presented
in these charts were calculated from the real-gas equations developed in refer-
ence T. A discussion of this method along with its limitations is presented in
appendix B. The approximate solidification lines in figure 13 were calculated
from an equation for nitrogen in reference 8. Figure 12 is a composite of four
individual plots expressing arc-chamber conditions as a function of capacitance
and charge density. Figure 1% was formed by the superposition of plots of
Reynolds number against stagnation temperature with a given set of stagnation
pressures for several Mach numbers. These data were plotted in this manner to
present the relationship between the arc-chamber and the test-section conditions.
Examples of the use of these charts are illustrated in the figures.

The experimental conditions obtained with nitrogen as the test gas are shown
as the shaded region in figures 12 and 13. Additional tests have been made with
helium as the test gas, but the results were very limited and for this reason are
not included in this presentation. Most of the tests have been made for a range
of arc-chamber temperatures between 2500° K and 3500° K and a range of pressures
between 400 and 1000 atmospheres. These conditions indicated free-stream Mach
numbers between 19 and 21. (See fig. 13.)

Data Reduction

For the present calibration tests the initial arc-chamber pressure, the arc-
chanmber pressure following arc discharge, and the pitot pressures in the test
section were measured. With the use of these pressures all other arc-chamber and
test-section thermodynamic and aerodynamic properties were calculated by using
the data-reduction program from reference 7. This method of calculation is based
on the assumption that uniform, equilibrium thermodynamic conditions exist in the
arc chamber, although reference 4 demonstrates that the validity of this assump-
tion is dependent upon the arc-chamber and electrode configuration. Even if the
assumption should prove to be inaccurate, however, the measured arc-chamber pres-
sure, and pitot pressure (and therefore the computed Mach number and the dynamic
pressure) which are the main parameters presented herein would not be signifi-
cantly affected. (See ref. 4.)

Accuracy

Uncertainties involved in the instrumentation, readability of oscillograph
records, and repeatability of test conditions caused maximum probable inaccu-
racies in calibration data by the following amounts:
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DISCUSSION OF RESULTS

The preliminary calibration of the Langley hotshot tunnel for arc-chamber
pressures and temperatures of approximately 10,000 pounds per square inch and
3000° K consisted of total-pressure measurements in the arc-chamber and pitot
pressure measurements in the test section. A record of these measurements for a
typical shot is shown along with pitot probe locations in figure 11. The reduced
data obtained from this record are shown in table I. It should be noted that the
probe numbers in figure 11 correspond to the nearest whole inch probe locations
of table I. It may be seen from table I that probe number 5 provides the last
pressure measurement within the usable test core; for this reason conditions
other than the stagnation pressure are not shown for probes 6 to 9.

Pitot Pressure and Mach Number Surveys

The experimental results from a number of horizontal and vertical pitot rake
surveys for a range of nozzle axial stations from 124,k to 131.8 (fig. 1(a)) are
presented in figure 14 along with corresponding Mach numbers for an elapsed run
time of 10 milliseconds. In order to detect any peculiarities in the character-
istics of the individual transducers, additional shots were usually made with the
rake rotated 180°. This procedure was adopted to distinguish between transducer
inaccuracy and flow irregularities. No distinction is made on the plots for the
data obtained with the rake inverted.

Effective core diameter.- In this initial calibration the pitot rake which
was 8 inches wide (see fig. 8) was used in the survey of the 22- to 24-inch
test section. In order to determine the effective test core dlameter, a number
of shots were made at the extreme upstream and downstream stations with the rsake
offset from the tunnel center line well into the boundary layer. This procedure
was followed for the horizontal survey only, as shown for stations 12L4.k and
131.8 in figure 14(a). These data indicate an effective core diameter of approxi-
mately 8 to 10 inches with some indication that the core diameter increases
between stations 124.4 and 131.8. The Mach number data outside the test core
(M > 21) for the two extreme stations are not valid and are shown only for refer-

ence purposes.,

Mach number profiles.- The variation in Mach number within the effective
test core for a particular axial station is shown in figure 14 to be usually less
than 0.5 for both the horizontal and vertical surveys. The variations appear to
be quite random and in no case was the variation large enough to suggest nozzle
surface irregularities or other disturbances of serious consequence in the flow.
Within the test core, the Mach number at all stations ranged between 19.5 and 21.
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Effect of arc-chamber pressure.- Shown in figure 15 are the data of fig-
ure 1l along with data from greater elapsed run times from the same runs plotted
against arc-chamber pressure. In figure 15 only the data assumed to be within
the usable test core are presented. The short horizontal ticks in figure 15
represent the average of the individual pitot probe results for each shot and
only these average values will be presented in subsequent plots. The range of
arc-chanmber pressures in figure 15 are a result of differences in energy level
from shot to shot as well as several elapsed times for the same shots. No dis-
tinction is made between the two types of variations. It may be seen that the
average pressure ratios are generally invariant with changes in arc-chamber
pressure. The variation that occurs appears to be random, and no trends are
indicated. There does appear to be a slight increase in Mach number, however,
with elapsed run time and other decreases in arc-chamber pressure. For any one
axial station the increase in Mach number is less than about 4 percent for a
34 -percent decrease in arc-chamber pressure.

Effect of axial station.- In figure 16, the average stagnation pressure
ratio and Mach number within the usable test core are presented against axial
tunnel stations for an approximate arc-chamber pressure of 10,000 pounds per
square inch. It was expected that as the flow moved downstream in the conical
nozzle, an increase in Mach number would be experienced. Over the 8-inch nozzle
length shown in figure 16, it may be seen that with the exception of stations 128
and 129.8, such a trend is indicated. At the present time the reason for the
departure from this trend at the two nozzle stations is not known.

Area Ratio Comparison

In figure 17, the effective area ratio as determined from the measured arc-
chamber pressure, pitot pressures, and the equation of continuity are compared
with the geometric area ratio based on the geometric cross-sectional areas of the
test section and the throat. For the present nozzle, the effective area ratio is
shown to be about 40 to 60 percent of the geometric area ratio and compares well
with the nozzle data of reference 2 also presented in figure 17.

Decay of Arc-Chamber Conditions

The rapid decay of the arc-chamber pressure during tunnel running led to an
investigation in which several shots were made with a steel plate blocking the
nozzle throat to prevent nozzle flow. Figure 18 presents a comparison of the
results for a typical blocked throat shot with those from a normal shot. This
comparison shows that for a 30-millisecond shot the losses to the arc-chamber
components resulted in a l3-percent decrease in pressure whereas the nozzle flow
resulted in only an additional 5-percent pressure decrease. The decrease in
temperature was essentially the same for both types of shots. With increased
arc-chamber energy the decay of conditions would be greater as shown in
reference 5.



Representative Force Data

Some representative force and moment measurements obtained on a blunted cone
utilizing a strain-gage balance are presented in figure 19. This figure shows
that for a given angle of attack because of the decaying arc-chamber conditions,
the dynamic pressure, normal force, and pitching moment decrease with tunnel run
time; however, when these data are reduced to coefficient form, little or no
change is observed with variation of run time. Additional information concerning
these tests is contained in reference 9.

Tunnel Components and Materials

Arc-chamber liners.- The effective lifetimes of four types of liner mate-
rials are shown in figure 20(a) where it may be seen that the copper liner had
the longest life. Damage sustained by the copper liner was caused by arc erosion,
vaporization, and sputtering of the surface near the electrodes. The steel liner
lost more surface material, presumably by evaporation, than the copper liner.

This was also verified by higher flow contamination measurements in the test sec-
tion. Nylon liners suffered very severe damage by charring and were often
cracked by the shock loading. An attempt was made to flame spray a 0.025-inch-
thick tungsten layer on a steel liner. The film failed mechanically from either
the pressure shock loading or differential thermal expansion rates. There was
some damage from arc sputtering and erosion, but apparently no evaporation damage.

Electrode insulators.- Four different types of materials were tried as elec-
trical and thermal insulators. Figure 20(b) shows the relative lifetimes in
terms of number of tunnel runs that the components remained usable. Boron nitride
failed because of inability to endure the mechanical loading. Nylon and fiber
glass both were damaged by charring. The fourth material, a Teflon compound, was

damaged slowly in successive shots by pyrolysis, and finally failed mechanically.

Throat inserts.- In figure 20(c) it can be seen that copper and steel were
unsatisfactory as materials for throat inserts since the throat diameter with
these materials increased throughout the run. The tungsten inserts suffered no
such increase but they did eventually fracture.

Contamination.~- Figure 21 shows that the transverse distribution of mass of
solid contaminants increased with increasing arc-chamber energy-input levels. It
should be noted here that these results represent the contamination collected
during the entire run although preliminary results with the rotating disk indi-
cated that the contamination mass flow was uniform throughout the steady flow
portion of the run and decreased rapidly at start of flow breakdown. From pitot
pressure measurements it may be assumed that the mass flow of gas is constant
across the test core. Therefore, it was assumed that the contamination was
greater at the center of the test core (as suggested by fig. 21) because the con-
tamination particles were originally accelerated on a path closely parallel to
the tunmnel longitudinal center line and the available force was insufficient to
expand the heavier particles with the flow. The contamination had the following
origins: electrode caps, insulating and sealing materials, material sputtered or
eroded from the tungsten electrode tips and the liner, evaporation of the copper
liner and steel end plates, and the steel trigger wire used to initiate the arc.
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Several design features which serve to reduce flow contamination have been
incorporated in a new arc chamber which is described in appendix A. Preliminary
results with this arc chamber indicate an order of magnitude reduction in con-
tamination level.

CONCLUSIONS

Preliminary development and calibration tests of the Langley hotshot tunnel
for maximum arc-chamber pressures and temperatures of approximately 10,000 pounds
per square inch and 3000° K have resulted in the following conclusions:

1. Pitot rake surveys indicated lateral variations in Mach number to be less
than 0.5 from the average value of 19.5 to 21 depending on the axial station.

2. Along the tunnel axis for approximately the length of one test core diam-
eter the average Mach number variation is only slightly greater than 1.

3. Trom mass flow considerations, the effective test-section—throat-area
ratio is approximately equal to half the geometric area ratio.

4, Blocked-throat shots indicated that temperature losses from the arc
chamber are primarily a result of losses to the walls and not to the flow through
the nozzle.

5. A significant decrease in contamination level has been obtained in pre-
liminary tests with a new arc chamber with coaxial electrodes which provide for
arc rotation.

TLangley Research Center,
National Aeronautics and Space Administration,
Langley Station, Hampton, Va., August 7, 1963.
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APPENDIX A

A NEW ARC CHAMBER WITH A MAGNETIC FIELD COIL

FOR THE LANGLEY HOTSHOT TUNNEL

After approximately l% years of development and operating experience with

the opposed-electrode arc chamber described in this report, an arc chamber
employing end-firing coaxial electrodes (fig. 22) was obtained to overcome some
of the disadvantages that were apparent with the opposed-electrode configuration.
Chief among these were the relatively large contamination level, the resulting
low-energy transfer efficiency, the large assembly and disassembly times between
shots, and the extensive maintenance required by arc-chamber components.

The new arc chamber has an internal volume of approximately 180 cubic inches
(80 percent greater than the original chamber). It utilizes a single electrode
assembly containing the two maln electrodes and the trigger electrode and thereby
reduces insulation material (a potential contamination source) as well as pro-
viding a compact electrode unit that is easily maintained and assembled. In
addition, these electrodes provide an arc configuration that can be driven longi-
tudinally and rotated. The copper liner in this configuration serves as part of
the outer main electrode and thereby provides a path for longitudinal arc move-
ment. The liner also presents a smooth surface without ports and obstructions
and thereby eliminates potential erosion and contamination sources. Experimental
results with this chamber indicate a measured contamination level only one-fifth
as large as that for the opposed-electrode configuration. Thus, the effort to
reduce contamination sources and to provide an unobstructed path for the arc
resulted in a considerable reduction in contamination as well as a 10-percent
increase in energy-transfer efficiency (the ratio of internal energy increase of
the gas to the energy stored in the capacitors).

To insure arc rotation a 372-turn external magnetic coil (fig. 22) capable
of producing a 20-kilogauss field, when cooled to liquid nitrogen temperatures,
has been installed around the new chamber. The arc rotation should tend to
eliminate hot spots and further reduce component erosion and burning. Insuffi-
cient experience has been obtained with the magnetic coil to evaluate its effec-
tiveness in rotating the arc and reducing component damage, but preliminary
results indicate a 50-percent reduction in measured contamination with its use.
Therefore, the use of this arc chamber in conjunction with the field coil pro-
duced an order of magnitude reduction in measured contamination level when com-
pared with the opposed-electrode arc chamber.
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APPENDIX B

REAL-GAS CORRECTION FACTORS FOR NITROGEN

IN HYPERSONIC NOZZLES

Presently, several hypersonic wind tunnels are using nitrogen as the flow
medium at elevated stagnation temperatures and pressures where real-gas (inter-
molecular force) effects are important. In order to determine the true values of
the thermodynamic properties of the flow, some real-gas equations have been
formulated in reference 7. However, with the current use and the probable
increase in the use of nitrogen in hypersonic nozzles, it appears that these
real-gas effects might be presented in a more useful or convenient form. For
this reason some nozzle flow properties have been calculated and are presented
in figure 23 in the form of correction factors. These correction factors are the
ratios of real-to-ideal gas flow parameters at the same Mach number. Shown in
figure 23 are the variations in the correction factors of Pl/Pt,l: pl/pt,l’

*
Ty /Tg,15 91/Pt,1» 21/A%, Po/P1s Po/P1s T2|Ti, Py,2/Pt,1 Pt,2/Pt,1s and
Tt,E/Tt,l with stagnation pressures ranging from 500 to 2500 atmospheres and
for stagnation temperatures of 2500° K, 3000° K, 3500° K, and 4000° K.

The real-gas data in the correction factors were determined from equations
(ref. T7) which include intermolecular force (so-called Van der Waals' effects)
and vibrational equilibrium effects. Vibrational nonequilibrium effects (ref. 10)
are not considered here but for some conditions may be important. These equations
were used for stagnation temperatures ranging from 2500° K to 4000° K which
includes 500° K below the reference data limits. However, the results at 2500° K
show good agreement with the real-gas data in reference 11. Because of the lack
of data, no comparison was made for the 4000° K results. It was assumed for the
real-gas data that the inviscid core of the gas through the nozzle was one-
dimensional, adiabatic, equilibrium nitrogen flow. The ideal-gas properties
were taken from reference 12. All flow parameters presented herein are essen-
tially invariant with Mach numbers above 10.

In the calibration of most hypersonic nozzles (M 2 10) the stagnation
reservolr pressure and temperature and pitot pressure behind the normal shock in
the nozzle are usually measured. With these measured quantities and the charts
in figure 23, the Mach number and other real-gas flow parameters may be deter-
mined in the following manner: assume Pg,1 = 800 atmospheres, Tt,l = 3000° K,

and Py o = 0.068 atmosphere and from figure 23(i) for these conditions

(Pt,2/Pt,1)
(Pe,2/Pe,1);
With this ideal stagnation pressure ratio, a real-gas, free-stream Mach number
of 19.28 can be obtained from the tables of reference 12. 1In addition, all

other corresponding ideal-gas flow parameters can be found for this Mach number
M} = 19.28) in these tables, for example, T, /T = 0.013%27. Then the
1 t,1)4

= 0.658; therefore, the value of (p D is 0.1292 x 10~2.
H t,2/Pt,1);

15



values of all other real-gas flow variables can be-easily determined from the
correction factors in figure 23 and the sgbove ideal-gas flow parameters. TFor
example, substitution of these values in the expression

/T
__1@_ = 1.1877

(T1/Tt,1)3

yields

From figure 23 it can be seen there is a wide range of variation of the
real-gas effects on various flow parameters: up to 200 percent for the nozzle
area ratio (fig. 25(e)) and only 4 percent for the static pressure ratio
(fig. 23(f)) at a stagnation temperature of 4000° K. Most correction factors are
strongly dependent on the stagnation temperature.

Figure 24 shows the approximate maximum Mach number attainable without con-
densation (solidification) by the isentropic expansion from various combinations
of stagnation temperature and pressure for equilibrium conditions. These curves
were obtained from the solidification equation given in reference 8 and the tabu-
lated values in reference 13 for nitrogen. The values presented in figure 24 are
to be considered simply as reasconable estimates.
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TABLE I.- RESULTS OF A CALIBRATION SHOT WITH NITROGEN AS THE FLOW MEDIUM

E’See fig. 11 for pitot rake location in test sectionl

Arc chamber Test section
Stagnation conditions Probe Static conditions ahead of mormal shock Stagnation conditions behind
location normal shock
Pe,1r |eg,1 |Th,10|Be,1 50,1 ygriﬁ' Py P15 Tl Vs |y a1 BRes AJR* Py, 2 Pr,2r | Ty 20| t,2(5¢,2
1b/sq in.|amagat| °%K |RTy | R |center 1ine| lb/sa in. amagat oK |ft/sec 1b/sq in.| per ft 1b/sq in.| amagat % |RTy | R
t = 0 msec
I SR PSS VISR NN D
12,200 | 62.1 |3,350|51.6|25.9 \ I | l I l I I ] |__ ‘ l
t = 10 msec
11,200 60.8 |3,150|48.2|25.7 | 1.2 0.17 x 10-2|0.65 x 10-3|48 |9,100 (19.6 0.45 0.22 x 106 0.23 x 10%| 0.8k 35.3
11,200 60.8 |3,150/48.2(25.7 2.2 .17 .66 48 19,100 |19.5 R .23 .23 .86 35.2
11,200 60.8 [3,150{48.2(25.7 3.2 .18 .67 48 19,100 |19.5] .46 .23 .23 .87 35.2
11,200 60.8 [3,150|48.2(25.7 h.2 .16 .6l 48 19,100 |19.7 R .22 .27 .83 35.3
11,200 60.8 [3,150|48.2(25.7 5.2 16 6k 47 19,100 |19.7 Lh 22 - .83 35.3
11,200 | 60.8 |3,150{48.2|25.7 L7~ NSRS N, IO S R [, .68 ——
11,200 | 60.8 [3,150(48.2|25.7 7.2 - - P PR S by J—
11,200 | 60.8 |3,150{48.2)25.7 8.2 fememomme oo IR b [N, — .38 ——
11,200 | 60.8 |3,150|48.2|25.7 9.2 1 —— I P RO B .09 —-
t = 20 msec
10,500 59.7 |3,000|45.9|25.6 1.2 0.16 x 10-2|0.65 x 103|145 8,800 [19.7| 0.43 0.23 x 106 0.23 x 105: 0.79 0.48 x 10-2 3,000 45.935.1
10,500 59.7 |3,000|45.9|25.6 2,2 .15 .63 4l 8,800 |19.8 Rs) .23 .2k 7 Ry 3,000 45.9(35.1
10,500 59.7 |3,000|45.9(25.6 3.2 .16 .65 45 8,800 [19.7 43 .23 .23 .80 49 3,000 45.9(35.1
10,500 59.7 |%,000|45.9|25.6 4.2 .15 .63 4 18,800 (19.9 RSN .23 L2k LTT7 b7 3,000 45.9(35.1
10,500 59.7 |3,000|45.9|25.6 5.2 .15 62 4y 8,800 |19.9 Wb .23 .24 .76 .46 3,00045.9(35.1
10,500 | 59.7 [3,000{45.9]25.6 86,2 B D N B 160
10,500 | 59.7 |3,000[45.9]|25.6 7.2 S P JE I 46
10,500 59.7 13,000 k5.9 25.6 8.2 - -—- e | m——— —— ——— .23
10,500 | 59.7 |3,000[45.9|25.6 (28T (SR P — |- ceme | mee- .05
t = msec
9,800 58.6 |2,900(43.6(25.4 1.2 0.15 x 1072(0.65 x 10-3|43 |8,600 |19.8 | 0.41 0.24 x 106|0.23 x 103  0.76 0.49 x 1072 2,900 43.6 4.9
9,800 | 58.6 |2,900|43.6|25.4 2.2 .15 64 43 18,600 [19.8 .40 - .23 .15 R 2,900 43.6 35.0
9,800 58.6 [2,900(43.6|25.% 3.2 .15 6% k2 8,600 (19.8 40 2k .23 215 b7 2,900 43.6 35.0
9,800 58.6 |2,900|43.6(25.4 4.2 L1k .62 42 |8,600 |20.0 .39 = .2k .72 R 2,900 43.6 35.0
9,800 | 58.6 (2,900(43.6|25.4 5.2 e .62 L2 18,600 |20.0 .39 .2k .24 .13 A7 2,900(43.6,35.0
9,800 58.6 |2,900{L43.6|25.4 ag.2 JE P, e | mmem .55
9,800 | 58.6 [2,900{43.6|25.4 7.2 PR [ [, 46
9,800 | 58.6 [2,900|43.6]25.4 8.2 U D [ . .22
9,800 | 58.6 [2,900143.6]25.4 9.2 - P UV [ORE R, .05

6T

8Indicates the location of the first pitot probe beyond the usable test core.
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Figure l.- Langley hotshot tunnel.
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(a) Section view of the arc chamber and electrical collector and electrodes.

Figure 2.- Opposed-electrode arc chamber for the Langley hotshot tunnel.
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(a) Schlieren photograph.

(b) Self-luminous photograph. I-63-4734

Figure 10.- Photograph of a hemisphere-cylinder model in the Langley hotshot tunnel at M = 20.
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Figure 24.- Approximate maximum Mach number attainable without condensation for various reservoir



